emergency and the lack of Food and Drug Administration (FDA)-approved intravenous (IV) neuraminidase inhibitors (NAIs) to treat seriously ill hospitalized patients, the FDA acted to make peramivir, an investigational IV NAI, available.
Use of NAIs in previously healthy outpatients with uncomplicated seasonal influenza is associated with a reduction in the duration of viral shedding and in the duration of clinical signs and symptoms [7, 8] . Retrospective studies involving hospitalized patients with influenza have reported a reduction in viral replication, improved survival, and possibly shorter duration of hospitalization when NAIs are used early in the course of illness [9, 10] . Based on these data and on early data among hospitalized patients infected with 2009 H1N1 [3, 4] , the Centers for Disease Control and Prevention and the World Health Organization recommended early institution of antivirals for all hospitalized persons with suspected or confirmed influenza [11, 12] .
Peramivir, like the FDA-approved NAIs oseltamivir (oral) and zanamivir (inhaled), inhibits the viral neuraminidase enzyme and is active against influenza A and B virus, including the novel 2009 H1N1 virus in in vitro assays and animal models [13] [14] [15] [16] . Over 2300 subjects, either healthy or with influenza infection, have received peramivir in clinical trials, where it has been generally well tolerated. Receipt of peramivir reduced time to alleviation of symptoms, compared with placebo [17] , and demonstrated clinical efficacy and tolerability similar to that of oral oseltamivir in outpatients [18] and in hospitalized adults with seasonal influenza [19] . Peramivir is currently undergoing US Phase 3 trials involving hospitalized patients with influenza and was recently approved in Japan and South Korea.
To make peramivir available by Emergency Use Authorization (EUA), the FDA initiated a series of site visits and audits, review of data, and preparation of documentation for clinicians. While these steps occurred (April-October 2009), the FDA requested that BioCryst Pharmaceuticals provide peramivir under FDA Emergency Investigational New Drug (eIND) regulations (21 CFR 312.56) to treat individual severely ill hospitalized patients upon request from any licensed clinician in the United States. The EUA was initiated on 23 October 2009 [20] , effectively ending the eIND.
This report is a retrospective review of all patients for whom eIND requests for peramivir were received by BioCryst for the treatment of confirmed or suspected 2009 influenza A(H1N1) from April through 23 October 2009.
METHODS
Under the conditions of the eIND process, clinicians requested peramivir if they believed that such use was in the best interest of their patient; no severity requirement was imposed by the FDA or BioCryst nor were subjects required to have experienced the failure of other drug regimens. The availability of this investigational IV NAI was made public through the BioCryst web site, through the media, and by personal communication.
Upon notification of FDA eIND approval from the clinician, BioCryst provided the drug, investigator brochure, drug dosing and preparation instructions, and a sample informed consent form. The clinician obtained institutional review board approval and informed consent and submitted the required documentation to the FDA within 5 days of drug initiation.
Peramivir was supplied in 200 mg/20 mL single-use vials to be diluted in sodium chloride injection, United States Pharmacopeia. The adult recommended dosage was 600 mg IV once daily, with adjustments for renal impairment. Because no pediatric patients had received peramivir, the recommended pediatric dosage was based upon pharmacokinetic modeling, ranging from 6 mg/kg to 12 mg/kg, not to exceed 600 mg IV per day [14] . Within 2 weeks of the patient's last peramivir dose, all unused drug was to be destroyed.
Data were collected using a standardized case report form to assess demographic characteristics, underlying conditions, illness onset and severity, laboratory results, treatment, and outcomes. Severity of illness was assessed using a modified Acute Physiology and Chronic Health Evaluation (APACHE) II score calculated from data submitted with the request. In the event of a serious adverse event or death, a MedWatch form was to be submitted to the FDA and a copy sent to BioCryst. Data were collected for patients for at least 56 days after peramivir treatment was initiated. Follow-up status as of February 2010 was determined by case report form data; missing data were clarified via direct email or telephone contact with the patient's clinician. Upon request from clinicians, blood samples were shipped to BioCryst for therapeutic drug monitoring (TDM), as previously described [21] .
Demographic and clinical characteristics were summarized using descriptive statistics. Univariate logistical regression was performed to assess the potential risk factors predictive of mortality. Odds ratios and 95% confidence intervals (CIs) were calculated for each factor. Survival at 14, 28, and 56 days was estimated based on the method of Kaplan-Meier.
RESULTS

eIND Requests
Requests for peramivir were received for 42 patients from 18 states from April 2009 through 23 October 2009. Three requests were received in May and June, and the remaining 39 requests were received from September through October, correlating with the second wave of pandemic influenza in the 
Recovered
Peramivir PK on HD3 shown in Figure 2 and chest radiographs on HD1 and HD9 in Suppl. Appendix. United States (Figure 1 ). Two requests were withdrawn. Median time from eIND request to drug receipt was 21 h (range, 3-50 h); the time required for shipping drug supply from a central repository was the major contributor (range, ,1 to 48 h) to this delay. In 9 cases, the drug was not administered because death (n 5 5) or recovery (n 5 4) ensued prior to drug administration. Peramivir was administered to the remaining 31 patients; all subsequent results reflect data collected from only those treated patients.
Clinical and Virologic Findings
Peramivir-treated patients were mostly children and young adults (Table 1; Supplementary Appendix Tables S1-S2) . Eleven patients (35%) were ,18 years of age, and 3 of 13 women were pregnant (n 5 2) or immediately post-partum (n 5 1). All patients were admitted to an intensive care unit with fever and rapidly progressing radiologically confirmed pneumonia. Most patients (55%) were without known underlying medical conditions prior to influenza onset; 11 patients (35%) were obese (defined as a body mass index >30, calculated as the weight in kilograms divided by the square of height in meters). Six of these 11 patients had no other underlying conditions. Common underlying conditions were asthma or chronic obstructive pulmonary disease (23%) and compromised immunity (23%). Laboratory findings are summarized in Supplementary Appendix Tables S3-S4 . Patients with eIND requests who did not receive peramivir had similar demographic characteristics and medical conditions (Supplementary Appendix Table S5 ). Infection with influenza A virus was confirmed during hospitalization by real-time polymerase chain reaction or culture in 26 (84%) of the 31 treated patients; other diagnostic methods, such as immunofluorescence, were used for the other patients. In 23 cases, 2009 H1N1 subtype was confirmed; for the remaining cases, 2009 H1N1 subtype was epidemiologically presumed. In 1 case, influenza viral RNA was detected in extrapulmonary samples, including plasma and stool samples [22] . In another case, influenza A(H1N1) virus with the H275Y neuraminidase mutation was detected by pyrosequencing assay and confirmed by culture performed at the Centers for Disease Control and Prevention (L. Gubareva, personal communication). a See primary cause of death in Table 3 ; PK, pharmacokinetic.
A secondary bacterial pneumonia was documented in 3 patients (due to Staphylococcus aureus, Enterobacter cloacae, and an unspecified pathogen), all of whom died.
Treatment
Patients had been symptomatic for a median of 12 days (range, 3-30 days) and hospitalized for a median of 4 days (range, 1-24 days) prior to the initiation of peramivir and were treated for 1-14 days (median duration, 10 days). Most patients (27 [87%] of 31) had progressive disease despite NAI treatment either before or during hospitalization (Table 1;  Supplementary Appendix Tables S1-S2) , and 17 continued oseltamivir treatment after initiation of peramivir. Almost all patients (30 of 31) required mechanical ventilation, which often included the use of high-frequency oscillatory ventilation or extracorporeal membrane oxygenation (ECMO). In 13 (42%) of 31, influenza infection was complicated by acute renal failure, which required renal replacement therapy with hemodialysis, hemofiltration, or hemodiafiltration in 11 (35%) of 31 patients. In the majority of cases (55%), vasopressor support was also required.
Because this is the first report of peramivir treatment in children or pregnant/post-partum women, detailed information on the presentation, treatment, and clinical course of each of those patients is provided in Table 2 .
Therapeutic drug monitoring was performed at the investigators' request in 7 adults and 4 children, 7 of whom required continuous renal replacement therapy (CRRT) (Supplementary Appendix Table S6 ). In previously reported results for 2 patients receiving CRRT [21] and in 5 other eIND patients, the clearance of peramivir was high and correlated with the degree of correction provided. An additional patient had 2 serum samples obtained; no additional information is available. In addition, an 11-year-old female patient ( Figure 2 ) and a 15-year-old male patient who were not undergoing dialysis and were treated with 10 mg/kg and 600 mg of peramivir daily, respectively, after failure of oseltamivir treatment had exposures similar to those observed in adults [14, 21, 23, 24] . In a 28-year-old, 4-day postpartum woman with disease progression despite 4 days of oseltamivir treatment who was not undergoing dialysis, peak drug levels were approximately one-third the average levels observed in healthy nonpregnant volunteers after treatment with peramivir 600 mg IV daily [14, 24] (Figure 3) .
Outcome
Despite the severity of illness, survival at 14, 28, and 56 days after initiation of peramivir treatment was 76.7%, 66.7%, and 59.0%, respectively (Figure 4) . In some cases, the primary cause of death was unresolved respiratory failure and adult respiratory distress syndrome (ARDS), but in other cases, death occurred because of the failure of other organ systems or complications reflecting underlying medical conditions (Table 3) . Univariate analysis showed a significantly increased risk for mortality in men (odds ratio [OR], 6.87; 95% CI, 1.17-40.37; P 5 .03) and patients with higher APACHE II scores (OR, 1.14; 95% CI, 1.01-1.29; P 5 .04) ( Table 4) . No significant mortality effect of increasing age or time to peramivir treatment was observed in our small case series. However, the 10 pediatric patients and pregnant or postpartum patients who recovered received peramivir starting on hospital day 2-8, whereas the 4 patients who died received peramivir starting on hospital day 10-16 ( Table 2) .
Patients who recovered were discharged from the hospital after 8-117 days (median duration, 25 days). Peramivir treatment was generally well tolerated; no reports of serious adverse events or adverse events attributable to peramivir were received by BioCryst. 
DISCUSSION
In this review of hospitalized, critically ill patients with pandemic influenza, antiviral therapy with intravenous peramivir appears to have reduced mortality and to have been well tolerated. The uncontrolled nature of this observational report, however, makes assessment of efficacy and safety difficult. The data provide insight into the clinical impact and pharmacokinetics of peramivir in children, pregnant women, and patients with acute renal failure. The risk factors associated with mortality in this small series were more-severe disease and male sex, which are consistent with some previous reports [5, 25, 26] .
This eIND experience represents the first report of peramivir administration in children, pregnant or post-partum women, and patients with acute renal failure, some of whom underwent TDM. The majority of patients in this 2009 H1N1-infected, severely ill, hospitalized population were children and young, otherwise healthy adults, in contrast to the older population hospitalized during typical influenza seasons [2] . Obesity was seen in 35% of patients, and half of the obese patients were without other risk factors for severe disease, findings that are consistent with the wider experience with hospitalizations during the pandemic [2] . Pregnant women have been overrepresented in the populations of patients hospitalized with 2009 H1N1 infection, often with rapidly progressive severe disease [2, 6] . Seven (64%) of 11 treated children and all pregnant or postpartum women survived in our case series. TDM in 2 pediatric patients who received 10 mg/kg to a maximum of 600 mg/day, which is a dose recommended on the basis of pharmacokinetic modeling, revealed peramivir exposures similar to those found in adults [14, 21, 23, 24] , whereas peak drug levels in a postpartum woman were lower but were still far above the levels needed for influenza viral inhibition [14] . Additional studies are needed on the pharmacokinetics of peramivir in these subpopulations; higher dosages may be needed for patients during pregnancy and the early post-partum period.
As in previous reports [2, 3] , renal failure was a complication of influenza infection, severe pneumonia, and ARDS in this case series and appears to have been associated with an increased risk of mortality. Because peramivir undergoes little metabolism in humans and is eliminated unchanged in the urine, drug clearance correlates with creatinine clearance [27] . Our experience with 7 eIND patients and the experience of 2 patients treated under the EUA [23] , all of whom had acute renal failure and TDM after dose adjustment of IV peramivir to dosages as high as 600 mg IV once daily, revealed no evidence of drug-induced toxicity and suggests a high clearance of peramivir by CRRT. Based on these results, current guidance includes dose adjustment according to the type and duration of CRRT provided [14] . Further study is needed to provide more-specific guidance for dose adjustment in subjects with acute renal failure, particularly those undergoing different modalities of renal replacement therapy, and such studies are ongoing.
Although not a statistically significant factor, earlier initiation of IV peramivir may have been associated with reduced mortality in the eIND cases, consistent with previous reports of the value of early intervention with NAI for both pandemic and seasonal influenza [2, 9, 10, 25] . The relationship of survival to early peramivir treatment was suggested in our population of pediatric and pregnant or post-partum patients. In all patients, most of the delay in delivering the drug was a delay in requesting peramivir after hospitalization (range, 1-24 days), not a delay in the acquisition of the drug after the eIND request was received. Delivery of drug could be shortened in future emergencies by distributing EUA stockpiles of intravenous NAIs, including peramivir, in multiple repositories across the country or in treating hospitals.
In this patient population with rapidly progressive viral pneumonia and other associated complications, including patients at high risk and at least 1 patient with the H275Y mutation in the NA gene, we documented a 59% survival rate 56 days after treatment with peramivir. The principal cause of death was often listed as respiratory failure and ARDS, but some patients died due to major organ failure or exacerbation of underlying conditions after the patient's viral pneumonia was resolved; antiviral therapy, particularly if it is applied late, would not be expected to impact such mortality. Despite the delay in peramivir initiation and the likely selection of the most-severely ill patients for peramivir treatment, the survival rate in our series is comparable to the 59%-86% survival of patients admitted to an ICU with confirmed or suspected 2009 H1N1 infection in early reports worldwide [3, 4, 25] . Taken together with the data from the Phase 2 study of peramivir [19] , this suggests that peramivir is at least as effective as alternative regimens. Because most of the patients in this cohort had experienced a worsening condition despite oral antiviral therapy, systemic delivery of the antiviral in this unique but hard-to-study population may be a beneficial alternative.
The data from this population are consistent with previous reports of the clinical effects, safety, and tolerability of peramivir [8, [17] [18] [19] 28] . In describing the FDA Adverse Event Reporting System reports from 237 of the .1300 patients who received peramivir under the EUA from October 2009 through 23 June 2010, when the EUA expired, the authors concluded that it is unlikely that peramivir adversely affected outcomes [28] .
Resistance to anti-influenza agents, including oseltamivir and zanamivir, is of increasing concern [29] [30] [31] [32] ; the clinical significance of this finding, however, is not clear. In this series, we documented 1 patient with the H275Y mutation whose peramivir dose resulted in exposures above the reported IC 50 values [32, 33] . Data on the levels achieved in respiratory secretions, however, are lacking. The patient recovered, but the role of peramivir in that recovery is unclear, because serial viral samples were not analyzed and other interventions, including discontinuation of immunosuppressive medications and aggressive critical care support, may have contributed to his survival. Apparent clinical failure of IV peramivir therapy has been reported in an immunocompromised individual with oseltamivir-resistant 2009 H1N1 influenza A illness [34] . Zanamivir has also been delivered IV to treat cases of oseltamivir-resistant 2009 H1N1 infection [35] , although it is not approved for this use, and it is the currently recommended therapy for patients with proven resistance secondary to the H275Y mutation [36] .
Several patients in this series continued treatment with oseltamivir after IV peramivir was initiated. The combination of oseltamivir and peramivir was not associated with an increased risk of mortality. In vitro and in vivo animal studies and pharmacokinetic interaction studies in humans have not shown antagonism between oseltamivir and peramivir [13, 37, 38] , although one report suggests antagonism between NAIs in vitro [39] . Combinations of antivirals with >2 different mechanisms of action have shown a trend toward improved clinical efficacy and reduced emergence of resistant variants in hospitalized subjects [40] and have been advocated to address the increasing antiviral resistance seen in circulating isolates [13, 37] . However, the current lack of available agents with different mechanisms of action warrants consideration of alternative approaches, such as the combination of NAIs [37] .
Our report is limited by the small sample size and by both its observational and its uncontrolled nature. The selection of patients was affected by limited publicity about the eIND process and the lack of standard criteria for choosing those who would benefit from peramivir. Additionally, available data were limited; few patients had serial virologic or therapeutic drug monitoring, and not all relevant clinical data were collected.
In conclusion, these data represent a unique experience of the emergency treatment of adults and children with severe influenza with IV peramivir. In this hospitalized population with viral pneumonia that had progressed despite other antiviral treatment, most patients survived after IV peramivir treatment. Although peramivir may have contributed to recovery in a number of these patients, well-controlled studies of peramivir for severe influenza are required to document the clinical and virologic efficacy of this novel agent, and these studies are ongoing.
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